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Abstract. Polygonal wear is a common type of damage on the railway wheel
tread, which could induce wheel-rail impacts and further components failure. This
study presents a finite element (FE) thermomechanical model to investigate the
causes of wheel polygonal wear. The FE model is able to cope with three possible
causes of polygonal wear: thermal effect, initial defects, and structural dynamics.
To analyse the influences of the three causes on wheel-rail contact stress and
wear depth, different material properties (i.e., elastic, elasto-plastic, thermo-elasto-
plastic with thermal softening), and wheel profiles (i.e., round and polygonal)
were used in the FE model. The simulation indicates that a high temperature up
to 264.20 °C could be induced by full-slip wheel-rail rolling contact when the
polygonal profile is used. The thermal effect, similar to that induced by tread
brake, may then have a significant influence on wheel-rail contact stress and wear
depth. In addition, the involvement of initial defects, i.e., polygonal profile, causes
wheel-rail impact contact and remarkably increases the contact stress and wear.
By reliably considering all the three possible causes, the proposed FE model is
believed promising for further explaining the generation mechanisms of wheel
polygonal wear.

Keywords: Polygonal wear - Finite element model - Thermal effect - Initial
defects

1 Introduction

During the past 30 years, polygonal wear has been investigated using experimental
and numerical methods, and different views on the generation mechanism have been
presented. In summary, the proposed causes of the polygonal wheels are divided into
three categories: 1) thermal effect from block braking system [1-4], 2) initial defects
on the wheels [5-7], and 3) resonance of the train/track system [8—14]. The polygonal
wear generation can, however, not be fully understood by only considering one or two
potential causes [13]. Comprehensively considering all the three causes is desirable.
The explicit finite element method (FEM) has been proven reliable to model wheel-
rail contact with arbitrary geometry [15] and handle dynamic effects [16] and thermal
effect [17]. The explicit FEM is thus employed in this study, which could simultaneously
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deal with initial defects, thermal effect, and wheel/rail structural dynamics. The contact
solution of the dynamic model with an elastic material in the steady-state is verified
against the results obtained with Hertz contact theory and Kalker’s program CONTACT.
Simulations with different material types and wheel profiles are conducted to investigate
the influence of the thermal effect and initial defects on the wheel-rail contact stress
distributions and consequent wear.

2 Modelling

2.1 Finite Element (FE) Models

A FE dynamics model is developed (shown in Fig. 1) according to the parameters of the
V-Track test rig [18]. The solution procedure includes four steps are: 1. Modelling of the
V-Track rig (pre-processing in ANSYS); 2. Static equilibrium of the wheel loading on the
rail (implicit solution); 3. Dynamic rolling of the wheel along the rail (explicit solution);
4. Results output (Post-processing with Matlab). The implicit-explicit sequential analysis
(steps 2 and 3) can effectively mitigate initial dynamic excitation.

Torque T ‘

Running direction

114
| “ |
e Traction force Frp

Solution zone
0.17m

Fig. 1. 3D FE wheel/rail dynamics model

The pre-processing includes the geometry modelling, discretization, definition of
contact pair, the input of the boundary conditions, and other parameters, e.g., material
properties, loads, initial conditions. The total length of the rail model is 3.07 m including
a solution zone with a length of 0.17 m. The rail model is connected to sleepers by
fastenings. A wheel with a radius of 0.065 m (1/7 scaled) and a half axle is modelled
with solid elements. The carbody and bogie simplified as lumped mass elements are
connected to the wheel axle with spring-damper elements which represented the first
suspension. To conduct the static equilibrium, longitudinal and lateral degrees of freedom
of the wheel are constrained, and the gravity load is applied.



A Finite Element Thermomechanical Analysis of Polygonal Wear 535

The implicit-explicit sequential analysis is conducted to simulate the wheel rolling
along the rail. The longitudinal constraint of the wheel is released in the explicit model.
Besides, the nodal displacements are obtained by the static equilibrium, which is an
initial condition for the explicit model. Initial translational velocity (3.6 m/s) and angular
velocity of the wheel (55.54 rad/s) are specified in the model. Modifying the traction
force and the torque could influence the wheel and rail rolling sliding state. The case
when the wheel runs in a steady-state is developed for the verification in Sect. 3. In this
case, a traction force along the running direction is applied to the center of the wheel,
a negative torque that comes from the motor is applied to the axle, which is shown in
Fig. 1. Positive torque is applied to the wheel to simulate the acceleration condition in
Sect. 4. To evaluate the thermal effect and initial defects on the wear depth, four types
of materials are employed in the FE model, which is shown in Table 1. Elastic-thermal
material means the material could conduct heat but it is always in an elastic state. The
bilinear material type is applied to the FE model to calculate the contact solutions with
plastic deformation. When the von Mises stress is beyond the yield strength, plastic
deformation occurs. Based on the elasto-plastic model, thermal softening is considered
in the FE model. Temperature-dependent yield strength, Young’s modulus, and other
parameters (e.g., parameters related to heat conduction) are applied in this study, as
reported in [19].

Table 1. Material parameters of the model

Type Parameters Value/units

Elastic material Young’s modulus, E 210/Gpa
Poisson’s ratio, v 0.3

Elastic-thermal material Young’s modulus, E 210/Gpa
Poisson’s ratio, v 0.3

Thermal parameters [19]

Elasto-plastic material Young’s modulus, £ 210/Gpa
Poisson’s ratio, v 0.3
Yield stress, oy 483MPa

Tangent modulus, G 21Gpa

Thermo-elasto-plastic with thermal softening Mechanical and thermal
parameters in [19]

The thermomechanical coupled progress is shown in Fig. 2. Based on the actual
temperature, plastic work, material properties, thermal expansion are calculated in the
mechanical solver. Based on the current geometry, the heat-related parameters are cal-
culated in the thermal solver. Then, temperature-dependent contact results could be
obtained.
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Mechanical solver Thermal solver
(explicit) (implicit)

Parameters:

* Plastic work * Heat from interface

* Material properties friction
(temerature dependent) * Heat from plastic work
Thermal expansion * Temperature

Output:

¢ Temperature field
* Thermomechanical stress, strain and micro-slip

Fig. 2. Thermomechanical coupled simulation

2.2 Polygonal Wheel Profile in the FE Models

According to the profile test in the literature [14], the polygonal wheel can be treated
as a combination of harmonic waves which have different wavelengths and amplitudes.
Usually, some harmonic waves are obvious on the tread, which could be noticed and
investigated independently. Arbitrary profiles of the wheel can be implemented in the
FE model, which is an advantage of the FE model in studying the influence of the initial
defects. The profile of the wheel can be modified as Eq. (1).

R,=R+A-sin(N -0) (1)

where R is the radius of a wheel without polygonal wear. R, is the wheel radius with
polygonal wear. Sine waves are used to simulate the wavy profile on the tread. N is the
order of the polygonal wear, which means the number of the harmonic waves along the
whole tread’s circumference. A means the amplitude of the wave. @ is the corresponding
angle on the circumference of the wheel. The polygonal profile of the wheel will be used
in the FE models when investigating the wear depth in Sect. 4.

2.3 Simulation Cases for the Polygonal Wear

In total, eight simulation cases (Table 2) are included in this paper to investigate the
thermal effect on the wear depth. All the models are under the same boundary conditions,
but the profile and the material type vary in these models. The initial profile of the wheel
is ideally round for each case (cases 1 to 4), while a polygonal profile is applied for each
case (cases 5 to 8). 68 order of polygonal wear is applied, in line with the measured wear
pattern of the V-Track wheel. The elastic material is applied in each case (cases 1, 2, 5,
6), while elasto-plastic material is used in each case (cases 3, 4, 7, 8). Thermal softening
of the material is considered in each case (case 4 and case8). However, the wear depth of
the wheel on the V-Track is relatively small due to the short running distance and higher
hardness than that of the rail. The amplitude of the harmonic wave is set as 0.029mm
(1/7 scaled), which is consistent with the field measurement [20].
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Table 2. Simulation cases

Profile Round Polygonal
Material type Case Name Case Name
Elastic 1 Model E 5 Model E-POL
2 Model ET (thermal) 6 Model ET-POL (thermal)
Elasto-plastic 3 Model EP 7 Model EP-POL
4 Model EPT (thermal) 8 Model EPT-POL (thermal)

3 Verification

The model E was verified against Hertz contact theory and the boundary element-based
CONTACT program because the Hertzian theory and CONTACT deal with steady-state
linear elastic contact without the consideration of the thermal effect. Normal contact
stress could be obtained with all of them, shear stress could be gained by using the
CONTACT program and the FE model. Contact pressures on the surface of rail calculated
with the three methods are shown in Fig. 3. Traction bound (i.e., normal pressure times
friction coefficient) and the shear stress on the surface of the rail from the FE model and
CONTACT program are presented in Fig. 4. Figure 5 shows the nodes in the slip and
adhesion area from the FE model and CONTACT program. It can be concluded that the
contact solutions from the FE model agree well with the results from the other methods.
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Fig. 3. Contact pressures along the longitudinal axis of the contact patch
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Fig. 4. Traction bonds and shear stresses along the longitudinal axis of the contact patch
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Fig. 5. Comparison of the adhesion-slip region of the FE model and CONTACT program

4 Simulation Results

4.1 Contact Pressure on the Surface

The contact pressure is a critical parameter to solve the wear depth in the contact patch. To
explain the thermal effect and the initial defects on the contact pressure, the simulations
from eight cases (Table 2) are conducted. In each case, the wheel accelerates from
the initial speed along the rail with a positive torque of 162.50 N-m, which simulates
wheel-rail rolling under a full sliding condition.

Normal contact pressure results are shown in Fig. 6. Figure 6(a) shows the contact
pressures with the initially round profile. The maximum contact pressures calculated with
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the elastic models (i.e., models E and ET) are higher than those calculated with elasto-
plastic models (i.e., models EP and EPT), and the pressure distributions are symmetrical
in the elastic models, but asymmetric (the peak value shifts forward) in the elasto-plastic
models, all corresponding well to the results reported in the literature [15, 21, 22].
Comparing the results calculated with and without the consideration of thermal effect,
i.e., model E vs model ET and model EP vs model EPT, we can see that the influence of
the friction heat is not significant in Fig. 6(a). Figure 6(b) shows the results calculated
with the models considering the initially polygonal profile. As expected, the peak contact
pressures calculated with the elasto-plastic models (i.e., models EP-POL and EPT-POL)
are lower than those calculated with the elastic models (i.e., models E-POL and ET-
POL) in Fig. 6(b). It can, however, be interestingly observed that the contact pressure
increases when comparing the results obtained with the models EP-POL and EPT-POL,
suggesting that the thermal effect may take a much more pronounced effect when both
the temperature-dependent material properties and initial irregularities are considered
in the model.

1400 1400

1200 R [=o—E-POL

ET-POL
—0— EP-POL
1000 [—A— EPT-POL
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1200 |-

1000
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Fig. 6. Normal pressures on the wheel surface (a) models with initially round profile, (b) models
with polygonal profile

4.2 Wear Simulation

The Archard’s wear model [23] is employed to obtain the wear depth in the contact patch
of the wheel.

As shown in Fig. 7(a), the trend of the wear depth is consistent with the contact
pressure. It can be seen that wear depths of the elastic models (i.e., models E, ET) are
higher than those in elasto-plastic models (i.e., models EP, EPT). Comparing the results
obtained with the models EP and EPT, the influence of the frictional heat on the wear
depth is slight with the round profile. However, larger wear depth when considering the
initial polygonal profile and the thermal effect (i.e., model EPT-POL) could be obtained
compared to the model EP-POL. The highest temperature of the wheel in the model
EPT is 179.85°C, while the highest temperature in the model EPT-POL is 264.20°C.
Higher temperature influences the material properties and contact geometry and induces
asiginificantinfluence on the wear depth. The thermal effect is suggested to be considered
in the simulations with high creepage or/and impacts.
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Fig. 7. Wear depths in the contact patch (a) models with initially round profile, (b) models with
polygonal profile

5 Conclusions and Future Work

In this paper, a finite element thermomechanical model is proposed, which is able to
investigate three main causes of the polygonal wear: thermal effect, initial defects, and
structural dynamics. To figure out the influences of the three causes on wheel-rail contact
stress and wear depth, different material properties and wheel profiles were applied in
the FE model. Based on the simulation results, the following conclusions are drawn:

1) The FE contact solutions with elastic material and round profile are verified against
the Hertz contact theory and the CONTACT program. The contact solutions from
the model E agree well with those from the other methods.

2) The involvement of initial defects, i.e., polygonal profile, causes wheel-rail impact
contact and significantly increases the contact stress and wear.

3) The simulations indicate that a high temperature up to 264.20°C could be induced by
full-slip wheel-rail rolling contact when the polygonal profile is used. The thermal
effect, similar to that induced by tread brake, may then have a significant influence
on wheel-rail contact stress and wear depth. The thermal effect is suggested to be
considered in the simulations on wear with high creepage or/and impacts.

The contact solutions at the crest of the polygonal profile are presented in this paper.
The difference of the contact solutions between the crest and the trough of the polygonal
profile would be investigated in the future to examine the evolution of the polygonal
wear. Besides, thermal effect simulations are conducted in this work, but the validation
of some parameters should be done in future work.
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